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In order to discuss the relationship between the magnetic properties of recording media and the
isolated transition widths, an analytical model for the calculation of transition parameters is
proposed. In the model, Lorentzian distributions of coercive forces of the magnetic particles in the
media are assumed, with half peak widths and mean values corresponding to the coercive forces of
media measured in the direction perpendicular to the medium surface. The magnetization
distribution after writing an isolated transition can be obtained self-consistently as an arctangent
function, in which the writing field gradient of a head, the particle coercive force dispersion of the
medium, the demagnetizing field and the interparticle exchange interaction are taken into account.
© 2000 American Institute of Physics. @S0021-8979~00!93008-1#I. INTRODUCTION
As a design tool in longitudinal magnetic recording, the
William–Comstock method1 is very useful, but there are few
methods for the analysis of read/write characteristics in per-
pendicular magnetic recording. Therefore, we developed a
magnetic recording simulator named SMART ~Simulation
program of Magnetic recording for Analysis and Research
developed by Tohoku university!.2 In the simulator, the curl-
ing magnetization reversal mode for magnetic particles was
introduced into field electron microscopy ~FEM! calcula-
tions.
By using this model, we were able to demonstrate the
usefulness of the simulator for quantitative and strict analy-
ses of read/write characteristics in any kind of magnetic re-
cording. However, we required a supercomputer to do so.
For that reason, we propose an analytical method of deriving
the transition parameters related to the magnetic properties
of recording media and the head writing conditions in per-
pendicular magnetic recording.
II. WRITING PROCESS
When the polarity of the head field is reversed from
positive to negative, the magnetization distribution around a
transition will be determined in two steps. At first, the mag-
netization in the recording layer is reversed from 1M s to
2M s along the descending major M – H curve. Then, after
the head field is removed, the magnetization distribution fi-
nally settles on one of the minor curves ascending from the
descending major curve.
A. Just after head field reversal
We take the x, y, and z axes to be the directions of the
medium motion, the medium thickness and the track width,
respectively, and put the origin on the center of the top sur-
face of a single-pole type ~SPT! head.
a!Electronic mail: nakamura@riec.tohoku.ac.jp4990021-8979/2000/87(9)/4993/3/$17.00
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ity of the head field is reversed from positive to negative, the
field distribution Hh(x ,y) around the trailing edge can be
approximated by a straight line expressed as follows:
Hh~x ,y !5a~x0 ,y !~x2x0!2Hc . ~1!
Here a(x0 ,y) is the head field gradient at the position (x0 ,y)
and Hc is the coercive force of a medium.
Upon reversal of the head field, the magnetization distri-
bution M 1(x ,y) is determined self-consistently by the fol-
lowing equation:
M 1~x ,y !5M @Hh~x ,y !1Hex~x ,y !1Hd1~x ,y !# . ~2!
Here, Hex(x ,y) is a mean field expressed as follows:3,4
Hex~x ,y !54pb M 1~x ,y !, ~3!
where b is a constant representing the degree of interparticle
exchange interaction, and M 1(x ,y) after head field reversal
can be assumed as follows:
M 1~x ,y !5~2M s /p!tan21@~x2x0!/a1# . ~4!
Therefore, the demagnetizing field Hd1(x ,y) can be given as
follows for a double-layered medium backed with a soft
magnetic underlayer,
Hd1~x ,y !524M z tan21@~x2x0!/~y2d1a1!# . ~5!
Here, M s is the saturation magnetization of the medium.
B. After head field removal
The final magnetization distribution M 2(x ,y) is assumed
as follows:
M 2~x ,y !5~2M r /p!tan21@~x2x0!/a2# , ~6!
which is determined self-consistently as expressed by the
following equation:
M 2~x ,y !5M @4pbM 2~x ,y !1Hd2~x ,y !# . ~7!
The demagnetizing field Hd2(x ,y) is given for a double-
layered medium as follows:3 © 2000 American Institute of Physics
 AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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Here, M r is the residual magnetization of the medium
III. MAGNETIZATION CURVES
Now, we assume that the coercive forces hc of fine mag-
netic particles in the medium are distributed by a Lorentzian
f(hc) with a half peak width DHc and a mean value Hc
corresponding to that measured. We express f(hc) as fol-
lows for particles magnetized in the positive direction:
f1~hc!5~N/pDHc!/$11@~hc1Hc!/DHc#2% ~9a!
and for particles magnetized in the negative direction,
f2~hc!52~N/pDHc!/$11@~hc2Hc!/DHc#2%, ~9b!
where N is the total number of particles per unit volume.
When a magnetic field H1 is reversed from 1M s , the
magnetization of a particle assembly can be calculated by the
following integral of f1(hc) and f2(hc):
M d~H1!5IsF E
2‘
H1
f1~hc!dhc1E
2‘
2H1
f2~hc!dhcG ~10!
and then the major hysteresis curve descending from 1M s is
given by the following equation:
M 1d~H1!5~2M s /p!tan21@~H11Hc!/DHc# . ~11a!
In the same way, the ascending major curve is also given as
M 1a~H1!5~2M s /p!tan21@~H12Hc!/DHc# . ~11b!
Here, M s is the saturation magnetization given by Is3N ,
when the spontaneous magnetization of the particles is Is .
When the field reverses from H1 on the descending ma-
jor curve to H2 , the minor ascending curves from M 1d(H1)
is obtained in the same manner and expressed as follows:
M 2a~H2!5M 1d~H1!1M s$11~2/p!tan21
3@~H22Hc!/DHc#%. ~12!
For perpendicular media, H1 and H2 ~or H1,2! in Eqs.
~11! and ~12! are expressed as follows:
H1,25Ha1,214p~b2k!M ~H1,2!. ~13!
Here, Ha1,2 is applied field and k is a demagnetizing factor,
which is 1 in the direction perpendicular to the medium.
In a measured M – H loop, we know from Eqs. ~11b! and
~12! that DHc can be obtained by the following equation:
DHc5@Ha1~0.5M s!2Ha2~0.5M s!#/2. ~14!
Here, Ha1(0.5M s) and Ha2(0.5M s) are the applied fields
that give, respectively, M s/2 on the ascending minor curve
from 2Hc and the ascending major curve from 2M s .
Moreover, when the gradient around Hc on the major
loop is g, b can be obtained by the following equation:
b5k1~DHc/8M s!2~1/4pg!. ~15!
The examples of M – H curves calculated by Eqs. ~11a!,
~11b!, and ~12! are shown in Fig. 1.Downloaded 08 Mar 2010 to 130.34.135.21. Redistribution subject toIV. TRANSITION PARAMETERS
A. Just after head field reversal
The magnetization M 1(x02a1 ,y) is 20.5M s in Eq. ~5!,
so that we can obtain the following equation from Eq. ~11a!:
Hh~x02a1 ,y !1Hex~x02a1 ,y !1Hd~x02a1 ,y !
5DHc2Hc . ~16!
This is because M 1a(H1) of 20.5M s is also given on the
descending major curve of Eq. ~11a!.
Consequently, a1 is obtained as follows by substituting
Eqs. ~1!, ~3!, and ~5! for Eq. ~16!,
a15DHc /a~x0 ,y !2@2p/a~x0 ,y !#
3$b2~2/p!tan21@a1 /~y2d1a1!#%M s . ~17!
B. After head field removal
The magnetization M 2(x02a2 ,y) is 20.5M r in Eq. ~6!
and M 2a(H2) of 20.5M r on the ascending minor curve of
Eq. ~12! reversed from M 1a(H1)5M 1(x02a2 ,y) on the de-
scending major curve. Therefore, by substituting x5x02a2
for Eq. ~4!, a2 can be obtained from the following equation:
a25a1 tan@~p/2!~M 1~x02a2 ,y !/M s!# . ~18!
Here, M 1(x02a2 ,y), that is M 1a(H1) on the descending
minor curve, is obtained as follows from Eq. ~12!:
M 1d~H1!50.5M r2M s$11~2/p!tan21
3@~H22Hc!/DHc#%. ~19!
The residual magnetization M r is given by Eq. ~11a!. For a
double-layered medium with k50.5, by substituting Eq. ~13!
into Eq. ~11a!, we have
M r5~2M s /p!tan21$@4p~b20.5!M r1Hc#/DHc%.
~20!
And the effective field H2 in Eq. ~19! is given as follows by
Eqs. ~7! and ~8! at x5x02a2 :
H2522pM r$b2~2/p!tan21@a2 /~y2d1a2!#%. ~21!
FIG. 1. Dependence of b on M-H curves calculated by Eq. ~11a!, ~11b! and
~12!. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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We analyze transition parameters just on the top surface
of the recording layer, because a MR reading head detects
the perpendicular magnetic field generated from magnetic
charge on the top surface. On the surface at y5d ,a1 in Eq.
~17! is as follows:
a15DHc /a~x0 ,d !2@2p~b20.5!/a~x0 ,d !#M s ~22!
and H2 in Eq. ~21! for obtaining a2 becomes
H2~a2 ,y !52p~b20.5!M r . ~23!
Table I is the result of calculations of the dependence of
b on a1 and a2 . In the table, M r , M r /M s , M 1 and M 2 are
also shown. We can see that the final transition parameter a2
becomes small compared to a1 , or at least it is hardly
changed from a1 . This is because M r decreases in the region
away from the transition, but M 2 does not decrease so much
because the demagnetizing field decreases when approaching
the center of the transition. When Hc is much higher than the
demagnetizing field strength, or M r /M s is close to unity, theDownloaded 08 Mar 2010 to 130.34.135.21. Redistribution subject ttransition parameter a2 hardly changes from a1 after reversal
of the head field. From the calculation, we can also conclude
that a moderate value of b is required to obtain a higher bit
density.
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TABLE I. Dependence of b on a1 and a2 , for a transition which is written
by a SPT head with a550 Oe/nm and for a medium with M s
5400 emu/cc, Hc52000 Oe, and DHc5100 Oe.
b
a1
~nm!
M r
~emu/cc! M r /M g
M 1
~emu/cc!
M 2
~emu/cc!
a2
~nm!
0 27.1 285.4 0.71 2165.7 2142.7 20.7
0.1 22.1 328.7 0.82 2186.0 2164.4 19.8
0.2 17.1 360.6 0.90 2199.5 2180.3 10.2
0.3 12.1 376.0 0.94 2204.6 2188.0 12.5
0.4 7.0 383.3 0.96 2206.1 2191.6 7.4
0.5 2.0 387.3 0.97 2206.4 2193.6 2.1o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
